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Considering two-level media in the array of weakly coupled nano-cavities, we reveal a variety of
dynamical regimes, such as diffusion, self-trapping, soliton, and breathers for the wave-packets in the
presence of photon tunneling processes between the next-nearest cavities. We focus our attention
on the low branch (LB) bright polariton soliton formation, due to the two-body polariton-polariton
scattering processes. When detuning frequency is manipulated adiabatically, the low-branch lattice
polariton localized states, i.e., that are solitons and breathers evolving between photon-like and
matter-like states, are shown to act as carriers for spatially distributed storage and retrieval of
optical information.
PACS numbers: 42.50.Ex, 71.36.+c, 42.50.Pq, 05.45.Yv
I. INTRODUCTION
Nowadays, the elaboration and investigation of hybrid
quantum devices and artificial nanostructures represent
a huge area of experimental and theoretical research [1,
2]. In particular, quantum memory devices are proposed
for mapping the quantum state of light onto the matter
by using a slow light phenomenon, through the coupling
between matter excitation and quantized field [2, 3]. In
this sense, polaritons, linear superpositions of quantized
field and collective excitations in matter, provide a very
elegant way for optical information storage, where the
group velocity of the wave-packet could be low enough
due to a large value of polariton mass [4, 5].
Within the framework of modern scalable quantum
technologies [6–9], the arrays of cavities containing two-
level systems (atoms, quantum dots, or Cooper pair
boxes, referred as qubits) strongly interacting with a cav-
ity field at each site, are theoretically supposed to provide
a promising platform for quantum computing and quan-
tum information processing [10–12]. Moreover, a strong
Kerr-type nonlinearity caused by two-body polariton-
polariton interaction leads to the formation of bright po-
lariton solitons [13–15].
In the experiments, great efforts have been aimed at
the achievement of deterministic trapping of single qubits
with a strong coupling to the quantized electromagnetic
fields in nanocavities [16–19]. Especially, we stress here
the recent challenging results established in Ref. [19]
with “ultracold” single rubidium atoms trapped in the
vicinity of tapered fiber (about 100 nm far from) and
their effective coupling with photonic crystal cavity. The
obtained single photon Rabi frequency was in the range
of few gigahertz for the cavity volume less than λ3 (λ
is light wavelength). Such results pave the way to the
design of new scalable devices for quantum memory pur-
poses being compatible with photonic circuits [20]; these
devices exploring two-level systems at their heart [5, 21].
Here, we apply full power of current quantum techno-
logical achievements obtained in the atomic optics area to
provide theoretically an alternative approach to optical
information storage and retrieval by using half-matter,
half-photon property of polaritons and by investigat-
ing collective dynamics of coupled atom-light states in
a qubit-cavity quantum electrodynamical (QED) array.
Low branch (LB) polariton solitons, as well as differ-
ent dynamical regimes for diffusion, self-trapping, and
breather states occur through the interaction between
atoms and quantized optical cavity field [22, 23]. Consid-
ering the next-nearest tunneling effect for photonic fields
while the distance between adjacent cavities is within
the order of optical wavelength, lattice polariton soliton
solutions are revealed to exist at the border of two dif-
ferent kinds of breather states. Due to the robustness in
preserving the shape of wave-packets, by manipulating
the detuning frequency adiabatically, optical information
storage and retrieval are proposed to carry out through
the transformation between photon-like and matter-like
lattice polariton solitons.
This paper is arranged as follows. In Sec. II, we explain
in details our model to realize atom-light interaction in
a cavity array occurring at nanoscales. The extended
tight-binding model will be established in this case, and
In Sec. III, we introduce coupled atom-light excitation
basis that is polariton basis for lattice system. Apart
from results obtained by us previously [15], LB polari-
tons occurring at each site of the cavity array are a sub-
ject of our study at the rest of the paper. In Sec. IV,
we use time dependent variational approach to obtain
polariton wave-packet behavior. Basic equations for the
wave-packet parameters and their general properties in
2the QED cavity array are established. In Sec. V, we es-
tablish results relaying to investigation of variety of 1D
lattice polariton wave-packet dynamical regimes in the
presence of next neighbor interaction in the lattice. In
Sec. VI, we propose the physical algorithm of storage of
optical information by using lattice polariton localized
states that is soliton and breather states. In the conclu-
sion, we summarize the results obtained.
II. MODEL OF ATOM-LIGHT INTERACTION
BEYOND THE TIGHT-BINDING
APPROXIMATION
We consider a one-dimensional (1D) array of small
(nanoscale) cavities, each containing the ensemble of a
small but macroscopic number Nn of non-interacting
two-level atoms, see Fig. 1. The proposed structure in
Fig. 1 can be realized by loading a small number of ultra-
cold atoms via a dipole trap, slightly above the so-called
collisional blockade regime which is practically valid for
the beam waist w0 ≥ 1µm [19, 24]. The total Hamilto-
nian Hˆ for our atom-light coupled system in Fig. 1 can
be represented as [9, 15, 25]
Hˆ = HˆAT + HˆPH + HˆI, (1)
where HˆAT is a quantum field theory Hamiltonian for
non-interacting atoms, HˆPH is responsible for the pho-
tonic field distribution, and the term HˆI characterizes
the atom-light interaction in each cavity, respectively. In
the second quantized form, the Hamiltonian in Eq. (1)
can be written as
HˆAT =
∑
i,j=1,2
i6=j
∫
Φˆ†j
(
− ~
2∆
2Mat
+ V
(j)
ext
)
Φˆjd~r, (2a)
HˆPH =
∫
Φˆ†ph
(
− ~
2∆
2Mph
+ Vph
)
Φˆphd~r, (2b)
HˆI = ~κ
∫ (
Φˆ†phΦˆ
†
1Φˆ2 + Φˆ
†
2Φˆ1Φˆph
)
d~r, (2c)
with the mass of free atoms, Mat, and the effective mass
of trapped photons, Mph. In Eq. (2), quantum field op-
erators Φˆ1,2(~r) (Φˆph) and Φˆ
†
1,2(~r) ( Φˆ
†
ph) annihilate and
create atoms (photons) at position ~r; V
(j)
ext (j = 1, 2) and
Vph are trapping potentials for atoms and photons, re-
spectively. Since each cavity contains a small number of
atoms, one can safely neglect the terms responsible for
atom-atom scattering processes in Eq. (2a) [26].
In general, one can expand atomic (Φˆj) and photonic
(Φˆph) field operators as follows
Φˆj(~r) =
∑
n
aˆj,nϕj,n (~r) , j = 1, 2, (3a)
Φˆph(~r) =
∑
n
ψˆnξn (~r) , (3b)
 xσ
xξ
d
FIG. 1. (Color online) Schematic for our proposed 1D cavity-
QED array, in which each cavity contains the ensemble of
2-level atoms as qubits. Cavities are formed by the defects
in a photonic waveguide crystal, with period d that, in fact,
represents characteristic size of cavity; ξx and σx are char-
acteristic spatial scales of the optical field and atomic wave
function localization, respectively. In this work, we assume
that σx < ξx ≤ d.
with the real (Wannier) functions: ϕj,n (~r), ξn (~r ), re-
sponsible for the spatial distribution of atoms and pho-
tons at n–site. They fulfill the normalization condition∫ +∞
−∞ (ϕj,n (~r))
2
d~r =
∫ +∞
−∞ (ξn (~r))
2
d~r = 1. Annihilation
operators aˆ1,n and aˆ2,n in Eq. (3a) characterize the dy-
namical properties of atoms at internal lower (|1〉) and
upper (|2〉) levels, respectively; meanwhile the annihi-
lation operator ψˆn in Eq. (3b) describing the temporal
behavior of the photonic mode located at the n-th lattice
cavity.
Substituting Eq. (3) for Eq. (2), one can obtain
HˆAT = Hˆ1 + Hˆ2 + Hˆ12, (4a)
Hˆj = ~
M∑
n
[
ω(j)n aˆ
†
j,naˆj,n − βj,n
(
aˆ†j,naˆj,n+1 + aˆ
†
j,naˆj,n−1
)]
,
j = 1, 2, (4b)
HˆPH = ~
M∑
n
[
ωn, phψˆ
†
nψˆn − α(1)n
(
ψˆ†nψˆn+1 + ψˆ
†
nψˆn−1
)
−α(2)n
(
ψˆ†nψˆn+2 + ψˆ
†
nψˆn−2
)]
, (4c)
HˆI = ~
M∑
n
g√
Nn
[
ψˆ†naˆ
†
1,naˆ2,n + aˆ
†
2,naˆ1,nψˆn
]
, (4d)
where Nn = aˆ
†
1,naˆ1,n + aˆ
†
2,naˆ2,n corresponds to the total
number of atoms at the n-th lattice cell. The frequen-
cies ω
(j)
n , ωn, ph, hopping constants βj,n, α
(1)
n , α
(2)
n and
3nonlinearity strength g are in the form
ω(j)n =
1
~
∫ (
~
2
2Mat
(~∇ϕj,n)2 + ϕj,nV (j)extϕj,n
)
d~r, (5a)
ωn,ph =
1
~
∫ (
~
2
2Mat
(~∇ξn)2 + ξnVphξn
)
d~r, (5b)
βj,n = − 1
~
∫ (
~
2
2Mat
~∇ϕj,n · ~∇ϕj,n+1
+ϕj,nV
(j)
extϕj,n+1
)
d~r, (5c)
α(1)n = −
1
~
∫ [
~
2
2Mph
~∇ξn · ~∇ξn+1 + ξnVphξn+1
]
d~r,
(5d)
α(2)n = −
1
~
∫ [
~
2
2Mph
~∇ξn · ~∇ξn+2 + ξnVphξn+2
]
d~r,
(5e)
g = κ
∫
ξnφ1,nφ2,nd~r. (5f)
Thereafter, for simplicity we assume that all cavities
are identical to each other and contain the same average
number N = 〈Nn〉 of atoms. In this case, it is convenient
to suppose that functions ϕj,n (~r) are identical for all n,
that is ϕj,n (~r) ≃ ϕj,n±1 (~r). We are also working under
the strong atom-field coupling condition, that is
g ≫ Γat,Γph, (6)
where Γat and Γph are spontaneous emission and cav-
ity decay rates, respectively. The parameter α
(1)
n ≡ α(1)
in Eq. (5d) describes overlapping of an optical field for
the nearest-neighbor cavities; α
(2)
n ≡ α(2) is responsible
for the overlapping of photonic wave functions beyond
the tight-binding approximation. Since the characteris-
tic spatial scale of atomic localization σx is essentially
smaller than cavity size d, it seems reasonable to use the
tight-binding approximation especially for atomic system
in the cavity array. Coupling coefficients βj,n ≡ βj in Eq.
(5) are the nearest-neighbor hopping constants for atoms
in a 1D lattice structure.
In particular, we examine the properties of parame-
ters for the cavity-QED array containing two-level ru-
bidium atoms. We take the D-line of rubidium atoms
as an example, which gives the resonance frequency
ω12 / 2π = 382THz. The strength of the interaction of
a single atom with a quantum optical field is taken as
g0 =
√
|d12|
2ω12
2~ε0V
≈ 2π × 2.2 4GHz at each cavity with
the effective volume of atom-field interaction V ≃ d3.
We assume d = 2µm, that is compatible with current
experimental results [19]; d12 is the atomic dipole ma-
trix element. To achieve a strong atom-field coupling
regime – see Eq. (6) – one can propose a macroscopi-
cally large number of atoms at each cavity, say N = 100.
This number implies a collective atom-field coupling pa-
rameter g = g0
√
N ≈ 2π × 22.4GHz. The lifetime for
rubidium atoms is 27ns, which corresponds to the spon-
taneous emission rate Γat of about 2π×6MHz. The mini-
mal value of each cavity field decay rate Γph can be taken
up to several hundred of megahertz that corresponds to
cavity quality factor Q ≃ 105 − 106.
To get a variational estimate for the tunneling coeffi-
cients mentioned above, we assume that Wannier wave
functions for the atomic and photonic parts localized at
the j th cavity may be approached by
ϕj,n (~r) = Cje
−(x−xn)
2/2σ2x,j e−(y
2+z2)/2σ2j , (7a)
ξn (~r) = Cξe
−(x−xn)
2/2ξ2xe−(y
2+z2)/2ξ2 , (7b)
where Cj =
(
π3/2σx,jσ
2
j
)−1/2
(j = 1, 2) and Cξ =(
π3/2ξxξ
2
)−1/2
are relevant normalization constants, re-
spectively. Taking into account the realistic values of
atomic and photonic wave functions, we assume
σx,j ≪ σj , ξx ≪ ξ. (8)
If the atoms are trapped in the vicinity of thin (ta-
pered) optical fiber (that is not shown in Fig. 1), the
trapping potential Vext = Vw + Vopt can be represented
as a sum of Vw that is Van der Waals potential occuring
due to the closeness of atoms to the fiber surface, and Vopt
that is a potential created by the optical field, cf. [18, 27].
For current experiments the depth of total potential Vext
is of order of millikelvins [19, 28]. Although the general
(radial) dependence of Vext on the distance from the sur-
face is not so simple, however, it is possible to consider
a harmonic traping potential at the bottom of Vext by
choosing the appropriate external laser field parameters.
Roughly speaking, we consider atomic trapping potential
Vext represented as [29]:
Vext ≃ Mat
2
[
ω2x (x− xn)2 + ω2⊥
(
y2 + z2
)]
, (9)
where ωx and ω⊥ are relevant trapping axial and radial
frequencies, respectively. We suppose that the minimum
of a 2D periodic potential is located at a centers xn = nd
of the n-th cavity. By substituting Eq. (7) and Eq. (9)
into Eq. (5), we obtain
β =− ~
4Matσ2x
e
−d2
4σ2x
(
1− d
2
2σ2x
)
, (10)
for the atomic tunneling rate β. The atomic tunnel-
ing rate β ≡ β2 is positive if a cavity effective size is
d >
√
2σx ≈ 1.414σx. The latest one (σx) is typically a
few hundred nanometers in real experiments with ultra-
cold atoms [29].
The calculation of photon tunneling rates α(ζ)
(ζ = 1, 2) between the cavities can be performed in the
same way. Thus, we have
α(ζ) = − ~
4Mphξ2x
e
−ζ2d2
4ξ2x
(
1− ζ
2d2
2ξ2x
)
, (11)
where ζ = 1, 2 enumerates the number of cavities. Taking
into account a typical effective photon mass,Mph ≃ 2.8×
410−36kg for rubidium D-lines average wavelength λ ≈
785µm, and assuming the width of photonic wave-packet
to be ξ = 1µm for d = 2µm, it is possible to estimate
photonic tunneling parameters as α(1) ≃ 2π × 549GHz
(ζ = 1) and α(2) ≃ 2π × 191GHz (ζ = 2) respectively.
III. POLARITONS IN THE NANO-SIZE
CAVITY ARRAY
One of the main features of our approach is a strong
nonlinearity due to small cavity volumes occupied by
the optical field, that is V ≃ (λ/2n)3, where λ is a
light wavelength, n is a refractive index [19, 28]. In
Schwinger representation, atom-field interaction in the
lattice can be described by atomic excitation operators
Sˆ−, n, Sˆ+, n = Sˆ
†
−,n and by operator Sˆz, n of the popula-
tion imbalance which are defined as
Sˆ+, n = aˆ
†
2,naˆ1,n, (12)
Sˆ−, n = aˆ
†
1,naˆ2,n,
Sˆz, n =
1
2
(
aˆ†2,naˆ2,n − aˆ†1,naˆ1,n
)
.
The operators determined in Eq. (12) obey SU(2) algebra
commutation relations
[
Sˆ+, n, Sˆ−, n
]
= 2Sˆz, n,
[
Sˆz, n, Sˆ±, n
]
= ±Sˆ±, n.(13)
Alternatively, it is possible to map operators in Eq.
(12) onto the atomic excitation operators φˆn, φˆ
†
n applying
the so-called Holstein–Primakoff transformation, i.e.,
Sˆ+, n = φˆ
†
n
√
N − φˆ†nφˆn, (14a)
Sˆ−, n =
√
N − φˆ†nφˆnφˆn, (14b)
Sˆz, n = φˆ
†
nφˆn −N/2. (14c)
It is worth noticing that the atomic excitation oper-
ators φˆn , φˆ
†
n obey the usual bosonic commutation re-
lations
[
φˆn, φˆ
†
m
]
= δmn. Strictly speaking, it is possi-
ble to treat the operators aˆ1,n and aˆ2,n describing par-
ticles at lower and upper levels, respectively, as aˆ1,n ≈√
N − φˆ†nφˆn
2N1/2
− (φˆ
†
nφˆn)
2
8N3/2
, aˆ2,n ≃ φˆn [15].
When number N at each cavity is macroscopical but
not so large, one can keep all the terms in the expansion
of aˆ1,n. In this limit, we get for an effective Hamiltonian
Hˆ = HˆL + HˆTUN + HˆL,
HˆL = ~
∑
n
[
ω˜12φˆ
†
nφˆn + ωn, phψˆ
†
nψˆn + g
(
ψˆ†nφˆn +H.C.
)]
,
(15a)
HˆTUN = −~
∑
n
[
β
(
φˆ†nφˆn+1 +H.C.
)
+α(1)
(
ψˆ†nψˆn+1 +H.C.
)
+ α(2)
(
ψˆ†nψˆn+2 +H.C.
)]
,
(15b)
HˆNL = −~
∑
n
[ g
2N
(
ψˆ†nφˆ
†
nφˆ
2
n +H.C.
)]
, (15c)
where we have introduced new parameters ω˜12 = ω
(2)
n −
ω
(1)
n + 2β1,n. Now, let us introduce the lattice polariton
operators as follows
Ξˆ1,n = Xnψˆn+Cnφˆn, Ξˆ2,n = Xnφˆn−Cnψˆn, (16a, b)
where Xn and Cn are Hopfield coefficients defined as
Xn =
1√
2
(
1 +
2πδn√
4g2 + (2πδn)2
)1/2
, (17a)
Cn =
1√
2
(
1− 2πδn√
4g2 + (2πδn)2
)1/2
. (17b)
In Eq. (17), δn = (ωn, ph − ω˜12)/2π, is atom-light field
detuning frequency at each cavity. Note that we consider
parameters Xn and Cn to be the same for all cavities
(sites n), assuming that X ≡ Xn and C ≡ Cn. This
approach implies an equal atom-light detuning δ = δn
for all cavities too.
The operators Ξˆ1,n and Ξˆ2,n in Eq. (16) characterize
two types of bosonic quasiparticles, i.e., upper and lower
branch polaritons occurring at each site of the lattice. At
the low density limit, Eqs. (16-17) represent the exact
solution that diagonalizes a linear part HˆL of the total
Hamiltonian Hˆ .
At equilibrium the lowest polariton branch is much
more populated. Here, we use the mean-field approach
to replace the corresponding polariton field operator Ξˆn
by its average value
〈
Ξˆn
〉
, which simply characterizes the
LB polariton wave function at the n-th cavity. In par-
ticular, for further processing we introduce the n-th nor-
malized polariton amplitude Ψn =
〈
Ξˆn
〉/√
Npol, where
Npol =
∑
n
〈
Ξˆ†nΞˆn
〉
is the total number of LB polaritons
at the array. For this approach, by substituting Eq. (16)
into Eq. (15) and keeping LB polariton terms only, we
arrive at
H= ~
M∑
n
[
ΩLB |Ψn|2 − Ω1 (Ψ∗nΨn+1 + C.C.)
−Ω2 (Ψ∗nΨn+2 + C.C.) +
1
2
Ω3 |Ψn|4
]
, (18)
5where we have introduced characteristic frequencies
ΩLB =
1
2
(
ω˜12 + ωn, ph −
√
(2πδ)2 + 4g2
)
, (19a)
Ω1 = βX
2 + α(1)C2, (19b)
Ω2 = α
(2)C2, (19c)
Ω3 = 2gCX
3Npol
N
. (19d)
The nearest and next-nearest tunneling energies, Ω1 and
Ω2, are shown in Fig. 2, as a function of the charac-
teristic cavity size d for different detuning frequencies δ.
For a large enough (d ≫ ξx) cavity size both tunnel-
ing rates Ω1,2 are positive, and condition
Ω2
Ω1
≃ α(2)
α(1)
≈
4e−3d
2/4ξ2x ≪ 1 is fulfilled, see Fig. 2. The overlapping
of neighbor polariton wave-functions is a dominant term,
and our lattice system is reduced to the typical tight-
binding approach. On the other hand, the properties of
polariton tunneling energies change dramatically for the
small sized cavities, d ≈ ξx, where coefficient Ω2 becomes
much more important.
The main features of the polaritonic lattice are con-
nected with the properties of atom-light detuning δ. In
the limit of a negative and large atom-light field detun-
ing chosen as |2πδ| ≫ g, δ < 0 (X ≃ g/ |2πδ|, C ≃ 1), LB
polaritons behave as photons, i. e. Ξ2,n ≃ ψn. Thus,
we can represent the parameters (19) as ΩLB ≃ ωph,
Ω1 = α
(1), Ω2 ≈ α(2), Ω3 = 2Npolg4
/
N |2πδ|3. How-
ever, in another limit, we can take |2πδ| ≫ g, δ > 0
(X ≃ 1, C ≃ g/ 2πδ ) and LB polaritons behave as
excited atoms, i. e., Ξ2,n ≃ φn. We readily find the
coefficients (19) as ΩLB ≃ ω˜12, Ω1 = β + α(1)g2
/
(2πδ)2,
Ω2 = α
(2)g2
/
(2πδ)2, Ω3 = 2Npolg
2
/
2πNδ.
In practice, instead of using Eq. (18), it is useful to
work with the dimensionless Hamoltonian H → H~ |Ω1|
in the form
H= ~
M∑
n
[
ωLB |Ψn|2 − ω1 (Ψ∗nΨn+1 + C.C.)
− ω2 (Ψ∗nΨn+2 + C.C.) + 2
√
πω3 |Ψn|4
]
, (20)
where ωLB = ΩLB/ |Ω1|, ω1 = Ω1/ |Ω1| ≡ sgn (Ω1),
ω2 = Ω2/ |Ω1|, ω3 = Ω3/4
√
π |Ω1| are normalized pa-
rameters characterizing polariton properties in the cav-
ity QED chain. Eq. (20) is the starting model equation
for the present work and is used to study the nonlinear
phase diagrams, as well as the related optical information
storage with lattice polariton solitons in the following sec-
tions.
IV. TIME-DEPENDENT VARIATIONAL
APPROACH
To analyze different regimes of polaritons in the cavity-
QED arrays, we study the dynamical evolution of in-site
Gaussian shape wave-packet,
Ψn= N exp
[
− (n− ξ(t))
2
γ(t)2
+ ip(t)(n− ξ(t))
+ i
η(t)
2
(n− ξ(t))2
]
, (21)
where ξ(t) and γ(t) are the time dependent dimensionless
center and width of the wave-packet, respectively; p(t) is
momentum and η (t) is curvature, N =
(√
2/
√
πγ(t)
)1/2
is a normalization constant (a wave-packet amplitude).
Lattice coordinate x relates to the number of sites (cavi-
ties) n as x = nd. The wave-packet dynamical evolution
can be obtained from the corresponding Lagrangian den-
sity
L =
M∑
n
[
i
2
(
Ψ∗n
∂Ψn
∂t
−Ψn ∂Ψ
∗
n
∂t
)
− ωLB |Ψn|2
+ω1 (Ψ
∗
nΨn+1 + C.C.) + ω2 (Ψ
∗
nΨn+2 + C.C.)
− 2√πω3 |Ψn|4
]
. (22)
By plugging Eq. (21) intor Eq. (22), one can have an
effective Lagrangian L¯ by averaging the Lagrangian den-
sity Eq. (22), as
L¯ =
[
pξ˙ − η˙γ
2
8
− ω3
γ
+ ω1 cos (p) e
−σ + ω2 cos (2p) e
−4σ
]
,
(23)
where we made the following denotation σ = γ
2η2
8 +
1
2γ2 .
Dots denote derivatives with respect to dimensionless
time t → t/2 |Ω1|. It is remarked that Eq. (23) is valid
when parameter γ is not too small, that is γ > 1 [22, 23].
With the Lagrangian in Eq. (23), one can obtain the
following variational equations for the canonically conju-
gate polariton wave-packet parameters
p˙ = 0, (24a)
ξ˙ = ω1 sin (p) e
−σ + 2ω2 sin (2p) e
−4σ, (24b)
γ˙ =
γη
m∗
, (24c)
η˙ =
1
m∗
(
4
γ4
− η2
)
+
4ω3
γ3
, (24d)
where m∗ is a dimensionless polariton mass.
Phase diagrams for various dynamical regimes are de-
termined by the property of polariton mass m∗ and by
the sign of Hamiltonian H that is a conserved quantity.
At m∗ > 0, a polariton wave-packet exhibits diffusive
and self-trapping regimes for which γ → ∞, η → 0 and
γ → constant in the limit of infinite time scales (t→∞),
respectively.
For an untitled trap of polaritons in the lattice, the
momentum p (t) = p0 is conserved. By introducing the
dimensionless polariton mass m∗ =
(
∂2H
∂p2
)−1
, one can
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FIG. 2. (Color online) Tunneling energies between the near-
est, Ω1 (solid curves), and the next-nearest neighbors, Ω2
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have the effective Hamiltonian function H in the dimen-
sionless coordinates,
H = −ω1 cos (p) e−σ − ω2 cos (2p) e−4σ + ω3
γ
, (25)
where σ = γ2η2/8 + 1/2γ2. The transition between dif-
ferent regimes is governed by an equation H ≡ H0 = 0
that implies
cos
(
pH01,2
)
≃ −2ε10 ±
√
4ε210 + 0.5, (26)
where ε10 = e
3σ0Ω12/8; σ0 ≡ σ(t = 0) = 1/2γ20 (we
suppose that initially at t = 0 γ = γ0 and η = 0),
Ω12 ≡ ω1/ω2, and we denote H0 as initial value of the
Hamiltonian H that is, obviously, conserved quantity in
the absence of dissipation.
Both of the roots (26) are located within the domain
−1 ≤ cos (p0) ≤ 1 if conditions γ0 ≥
(
2
3 ln
[
|Ω12|−1
])−1/2
and |Ω12| ≤ 1 are fulfilled simultaneously. Otherwise
Eqs. (26) impose only one root. It occurs for the tun-
neling rates |Ω12| > 1. Practically, this situation corre-
sponds to large enough cavity sizes for which both of the
tunneling rates are positive and ω2 vanishes rapidly.
Physically important bound state for our problem oc-
curs in the domain of negative polariton mass and can
be associated with soliton formation for the polariton
wave-packet. The polariton (bright) soliton wave-packet
propagates with initial width γ0, mass m
∗ = m∗0 < 0 and
velocity vg = − tan(p0)|m∗0| + 4ω2
sin3(p0)
cos(p0)
e−4σ0 unchanged in
time. The mass of the soliton wave-packet can be found
from
1
m∗0
= ω1 cos (p0) e
−σ0 + 4ω2 cos (2p0) e
−4σ0 . (27)
Strictly speaking, Eq. (27) defines characteristic domain
cos (p1,2) = 0.5
[
−ε10 ±
√
2 + ε210
]
(28)
of allowed wave-packet momentum where solitonic regime
can be achieved. It can be obtained under the condi-
tions γ0 ≥
(
2
3 ln
[
4 |Ω12|−1
])−1/2
and |Ω12| ≤ 4.
Solitons exist within the region for which inequalities
cos (p2) < cos (p0) < cos (p1) are hold for the positive
tunneling rates ω1,2 (ω1,2 > 0) and for ω1 < 0 (ε10 < 0),
ω2 > 0. Contrary, at ω1,2 < 0 solitons can be obtained
at the outside of the named region.
In the limit of tight binding approximation (ω2 = 0)
Eq. (26) implies only one solution cos (p1) = 0 that cor-
responds to the physical situation described in [22, 23] for
atomic BEC lattice solitons. In this case polariton soli-
tons exist only for wave-packet momentum that obeys to
inequality cos (p0) < 0.
V. POLARITON WAVE-PACKET DYNAMICS
It is much better to provide the analysis of polari-
ton wave-packet dynamics in the dynamical phase dia-
gram picture, that reflects particular features of polari-
tons in the lattice. In Fig. 3, we represented the corre-
sponding dynamical phase diagram, the related polari-
ton effective mass, and the Hamiltonian energy contours,
as functions of the momentum parameter cos (p0). For
cos (p0) > cos (p1), the initial polariton mass is positive
and one can expect self-trapping and diffusive regimes
only. The most important results can be obtained for
LB polariton dynamics in other domains of momentum
p0.
In the region cos (p2) < cos (p0) < cos
(
pH01
)
we have
m∗0 < 0, H0 > 0 for all values of detuning δ – see Fig. 3.
Figure 4 demonstrates typical temporal dynamics of the
wave-packet group velocity vg in this case. In the in-
set the dependence of detuning δ as a function of initial
width γ0 of the wave-packet is presented. For δ < δC we
deal with the diffusive regime for which the group velocity
tends to the constant value vg ≈ sin (p0) + 2ω2 sin (2p0)
asymptotically. On the other hand the group velocity
oscillates in time within the window δC < δ < δBR. For
δ > δBR, i.e. for the self-trapping regime vg rapidly van-
ishes and goes to zero. The soliton regime occurs for
atom-field detuning δ = δS and obviously is character-
ized by a constant value of the group velocity – dotted
line in Fig. 4.
Essentially new results can be obtained when momen-
tum obeys to the condition cos
(
pH01
)
< cos (p0) <
cos (p1) and represents a narrow area in Fig. 3. Analysis
of the polariton wave-packet dynamics in the discussed
domain is straightforward. Due to the energy conser-
vation law it is possible to establish a simple inequality
ω3
γ −Heff > 0, where Heff ≡ H0 − ω2 |cos (2p0)| e−4σ can
be recognized as a shifted Hamiltonian in this case. The
self-trapping regime for the wave-packet can be found
out for Heff > 0 – upper (red) curves in Fig. 5(a). How-
ever, since σ ≫ 1 we can suppose that Heff ≈ H0 in
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FIG. 3. (Color online) (a) Dynamical phase diagram, (b)
effective polariton mass, shown in the inverse form 1 / m∗0, and
(c) the corresponding Hamiltonian energy contour are shown
in terms of the momentum cos (p0) and detuning frequency
δ, respectively, for the parameters d = 2µm, γ0 = 5, and
η0 = 0. The markersA and B (C) shown in (a) correspond to
the polariton soliton (breather) states, which are used below
for the storage and retrieval of optical information shown in
Fig. 6.
this limit. The maximal value γmax ≃ ω3/H0 of the
width of the polariton wave-packet for the self-trapping
regime can be obtained as a result. The set of other
regimes are achieved at Heff < 0, or simply, at H0 < 0.
By using the Hamiltonian H0 we can arrive at an equa-
tion η2 = 8γ2 ln
[
cos(p0)
ω3/γ−|H0|
]
for the curvature parame-
ter η that describes wave-packet behavior at its large
width for γ ≫ 1. Since m∗0 < 0 the system supports
bright polariton soliton solutions and breather regimes
as well. In particular, from the energy conservation law
we can establish a relation ω3γ = Heff + cos (p0) e
−σ >
0. Hence, the lower diffusive regime with γ →∞ and
an equation η = 2γ
√
2 log [cos(p0)/ |Heff |]→ 0 occurs for
|Heff | < cos (p0).
On the other hand, if |Heff | > cos (p0), the
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FIG. 4. (Color online) The group velocity vg versus time t
for γ0 = 5, p0 = pi/2. Beginning from the top of the fig-
ure, δ ≡ δC ≈ 137.86GHz and v0 ≡ vg (t = 0) = 330214m/s
(dashed curve); 210GHz and v0 = 148415m/s (green curve);
δ = δS ≈ 265GHz and v0 = 94379m/s (dotted line); 380GHz
and v0 = 46382m/s (brown curve); δ = δBR ≈ 393.66GHz
and v0 = 43250m/s (dashed-dotted red curve); 500GHz and
v0 = 26907m/s (solid red curve). In the inset dependence of
δ versus γ0 for p0 = pi/2 is plotted.
width γ has to remain finite that corresponds to
breather regimes. Transition between two regimes
can be found out from an equation ω3,C =
γ0
[
ω2 |cos (2p0)|
(
1− e−4σ0)− cos (p0) (1− e−σ0)]. It
implies the critical number of polaritons that is charac-
terized by the critical two-body polariton-polariton scat-
tering parameter ω3,C or relevant atom-field detuning δC.
Another physically interesting region of the wave-
packet dynamics is characterized by the momentum do-
main cos (p0) < cos (p2) that corresponds to a picture in
the inset of Fig. 3. Figure 5b demonstrates trajectories
in the η − γ space for the wave-packet parameters.
In this limit we deal with initially positive polariton
mass (m∗0 > 0) and the Hamiltonian H0 > 0 – see Fig. 3
for any values of detuning δ. Proceeding as for previ-
ous cases we can find out a critical value of the two-
body polariton scattering nonlinear parameter ω3,C =
γ0
[|cos (p0)| (1− e−σ0)− ω2 cos (2p0) (1− e−4σ0)] that
separates polariton diffusive and localized regimes from
each other. The polariton wave-packet being at the
diffusive regime demonstrates approximately constant
group velocity vg ≈ sin (p0) + 2ω2 |sin (2p0)| at large
times. It is important to note significantly nonlinear be-
havior of the polariton wave-packet parameters at the
breathing region being under discussion. The polartion
wave-packet width oscillates between the values γmin and
γmax which are independent on initial value γ0. The
group velocity also undergoes large amplitude nonlin-
ear oscillations. However, the amplitude of oscillations
is suppressed if we move toward the self-trapping area
(cf. Fig. 4). In the limiting case for large enough de-
tuning δ the atom-like LB polariton packet becomes self-
trapped and “stopped” imposing vanishing group veloc-
ity vg ≈ sin (p0) e−γ2η2/8 + 2ω2 |sin (2p0)| e−γ2η2/2 → 0.
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FIG. 5. (Color online) Trajectories in the η − γ plane for
various atom-field detuning δ with initial conditions γ0 = 5,
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The magnitudes of δ in (a) are 80GHz (for an unlabeled green
curve), 115GHz and 120GHz (for inside and outside brown
curves, respectively). Black dot in (a) corresponds to solitonic
regime of the wave-packet parameters for δ = δS ≈ 99.24GHz.
VI. TUNNELING-ASSISTED OPTICAL
INFORMATION STORAGE
The dynamical phase diagram for supporting differ-
ent states permits physical protocol for adiabatic opti-
cal information storage and retrieval with the help of
photon-like and matter-like duality of lattice polariton
wave-packets; the protocol basing on the so-called rapid
adiabatic passage (RAP) approach, which is slow on the
time scale (2g)−1 and fast enough in comparison with
any incoherent process occuring in the atom-light sys-
tem [30]. In particular, atom-light detuning δ is a vital
(governed) parameter in this case, cf. [5, 21].
The wave-packet for LB polaritons can be represented
as Ψ ≡ 〈Ξ2〉 = Xφ − Cψ, with the wave functions
φ and ψ of the atomic exitation and optical field,
respectively – see (16). In particular, for a positive and
large frequency detuning, δ ≡ δat, one has a “slow”
(matter-like) polariton solution, Ψ ≈ φ in the cavity
array; while for a negative frequency detuning, δ ≡ δph,
one has a “fast” (photon-like) soliton, Ψ ≈ ψ. In
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FIG. 6. (Color online) (a) Manipulation for the wave-packet
is demonstrated through a time-dependent frequency detun-
ing δ(t), for the lattice polariton solition solutions marked in
Fig. 3. Parameter χ = 2pi × 500MHz. Spatial-temporal evo-
lution in a wave-packet storage and retrieval for the lattice
polariton soliton, with the components shown schematically
for the photon-like part |ψ|2 in (b), and atomic excitation part
|φ|2 for soliton (c) and breather (d), respectively. Here, the
cavities are shown as the purple points in X direction.
general, for the adiabatic storage of optical information
we choose time dependent detuning such as δ (t) =
δph +
δat−δph
2 {tanh [χ (t− τWR])− tanh [χ (t− τR)]},
where parameter χ characterises the rate of detuning
δ (t) variation; τWR ( τR) is a writting (retrieving) time
moment. In our problem the RAP approach requires the
fulfillment of the condition (cf. (6))
max {Γat,Γph} < χ < 2g. (29)
At the same time, one can require the fulfillment of the
adiabaticity condition represented in the form [30]
4πg
∣∣∣δ˙∣∣∣[
(2πδ)
2
+ 4g2
]3/2 ≪ 1 (30)
and formulated for a two-level system that interacts with
the external field. It is important to note that, for the
storage protocol with rubidium atoms in the cavity ar-
rays, the conditions required in Eq.(29) and Eq. (30) are
satisfied simultaneously at the rates χ < 2π × 20GHz.
As an example, here we establish two possibilities for
the optical information storage.
First, consider the supported soliton that is a steady-
state solution indicated by the markers A and B in
Fig. 3(a), both of which are bounded by the breather
states, but with different wave-packet momenta. At the
writing stage, such a wave-packet in the form of a polari-
ton soliton enters the configuration of the cavity array
completely (writing time τWR is about 1ns for Fig. 6(a),
which operates with the initial width of a polariton
wave-packet equal to 10µm); the polariton being photon-
like and having the momentum pph0 = − arccos (−0.922)
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FIG. 7. (Color online) Fidelity F versus relative wave-packet
width Γ0 = Γout/Γin and parameter θ0 = Γ
2
in (θout − θin).
and the detuning frequency δ ≡ δph ≈ −67.5GHz, see
Fig. 6(b). Then, by adiabatical switching of the matter-
light detuning frequency to the magnitude δ ≡ δat ≈
284.13GHz, i.e., the corresponding lattice soliton solu-
tion moves across the phase boundary toward the marker
B, resulting in possessing a low enough group velocity. In
this way, the original photon-like lattice polariton soliton
is transferred into a matter-like one, with the momentum
pat0 = arccos (−0.2). The mapping of optical information
from an incident optical field into coherent matter exci-
tation is demonstrated in Fig. 6(c). By reversing the de-
tuning frequency adiabatically, the original wave-packet
can be reconstructed back to the photon-like polariton
soliton at the output of the cavity array.
Second, the possibility to arrange optical information
storage involves the mapping of photon-like polariton
soliton onto the dynamically localized wave-packet state
that is a breather state in our case. In Fig. 6(d) we
demonstrate the mapping of photon-like solitonic po-
lariton wave-packets into atomic excitations represent-
ing atom-like breather polariton wave-packet and char-
acterized by point C in Fig. 3(a). Maximally accessible
(positive) vaue of detuning δ in this case is determined
by the boundary value between two dynamical regimes
that is self-trapping and breather II states in Fig. 3(a)
The main advantage of the usage of breather polariton
wave-packets for optical storage purposes is connected
with the fact that at all storage stages we consider a po-
lariton wave-packet with the same momentum, that is
p0 = − arccos(−0.922) for point C. At the same time
practical difficulties lie in the fact that it is necessary to
select the appropriate retrieving time τR according to the
cycle of atomic breather evolution for mapping back to
photon-like polariton soliton.
Let us briefly discuss fidelity criteria that determines
optimal polaritonic dynamical regimes for writing pro-
cess. It implies that we take polariton wave-packet at
different times being the closest to τWR, see Fig. 6(a). In
our case, i. e., a pure quantum state fidelity can be sim-
ply recognized as the overlapping of states before (Ψin)
and after (Ψout) writing [31, 32]:
F =
∣∣∣∣
∫
Ψ∗inΨoutdx
∣∣∣∣
2
, (31)
where wave functions Ψin,out are established in the x-
space domain as
Ψin,out =
(
2
πΓ2in,out
)1/4
exp
[
−
(
1
Γ2in,out
− i θin,out
2
)
x2
]
,
(32)
where x = nd, Γ = dγ, and θ = η/d2. Note that in the
definition Eq.(32) we have ignored the initial coordinate
of a polariton wave-packet that is unimportant in this
case. Performing the integration in Eq. (31), we can get
F =
√
16Γ20
4 (1 + Γ20)
2
+ Γ40θ
2
0
, (33)
where Γ0 = Γout/Γin and θ0 = Γ
2
in (θout − θin).
In Fig. 7, the fidelity F for various polariton dynam-
ical regimes is examined. The maximal value F = 1 is
achieved for switching between two steady-state soliton
regimes for the polariton wave-packet, with θ0 = 0 and
Γ0 = 1. On the other hand, F vanishes and goes to zero
for the transitions involving self-trapping (θ0 → ±∞) or
diffusive (Γ0 →∞) regimes. Moreover, the local maxima
in Fig. 7 obtained at θ0 = 0 and Γ0 6= 1 correspond to
breather states of the polariton wave-packet, which can
be used for dynamical optical information storage.
VII. CONCLUSIONS
In summary, we consider the formation of lattice po-
lariton solitons in the array of weakly coupled cavity-
QED arrays, with the ensembles of two-level atoms em-
bedded in each cavity. With the introduction of the next-
nearest photonic tunning effects, five different dynamical
regimes are revealed; they including the diffusion, self-
trapping, soliton, and two breather states. Transforma-
tion between matter-like and photon-like lattice polari-
ton solitons paves the way to the storage and retrieval
of optical information through the adiabatic manipula-
tion of detuning frequency. Obviously, the quantum op-
tical information can be stored within the time interval
that practically depends on qubit decoherence time and
Q-factor of cavity array. However, our protocol of the
storage of optical information with the help of localized
(soliton and/or breather) states have some important ad-
vantages, compared to those with Gaussian-type optical
pulses. First of all, solitons are much more robust in
respect of small perturbations, even in the presence of
10
small dissipation and decoherence effects [15, 33]. Sec-
ond, if dissipation and decoherence effects become signif-
icant, then it will be possible to find some specific regimes
for dissipation solitons supported. In this limit, solitons
are formed due to some additional optical pumping [34].
Quantum properties of these solitons and the related ro-
bustness in their quantum states against decoherence and
dissipation effects would be very important [35]. These
problems should be considered separately and will be ex-
amined by us in the forthcoming papers.
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